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TESTS OF STEEL COLUMNS
THIN CYLINDRICAL SHELLS
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I. INTRODUCTION
1. Foreword.-This bulletin is a report of tests of steel columns
that have been made from time to time during the past six years.
These columns are grouped as follows: Thin cylindrical shells, laced
channels, and angle struts. The investigation of thin cylindrical shells
as columns is fairly comprehensive. The tests of laced channels and
angle struts do not constitute a comprehensive investigation, but they
have been included in this report because it is believed that the indi-
vidual tests are of interest to the engineering professor.
2. Acknowledgments.-These tests are a part of the research work
of the Engineering Experiment Station of the University of Illinois, of
which DEAN M. L. ENGER is the director, and of the Department
of Civil Engineering, of which PROF. W. C. HUNTINGTON is the head.
The specimens and the funds with which to meet the direct expenses
of the investigation were contributed by the Chicago Bridge and Iron
Company. The tests were made by FRANK P. THOMAS and CHARLES
O. HARRIS, half-time research graduate assistants in Civil Engineer-
ing, working under the direction of the author.
II. THIN CYLINDRICAL SHELLS
Tests by FRANK P. THOMAS
3. Object and Scope of Investigation.-The Engineering Experi-
ment Station of the University of Illinois conducted an investigation
in coiperation with the Chicago Bridge and Iron Company in 1932,
to determine the strength of thin cylindrical steel shells loaded as
columns, and the results were published as Bulletin 255. The fabri-
cated specimens used in that investigation were thin relative to their
diameter, and all failed by wrinkling at stresses considerably below
the yield point of the material. With the advances that have been
made in fabrication methods there is but little difference in the cost
per pound of fabrication between cylindrical shells and the more
usual types of columns. Moreover, the cylindrical shell has a very
small percentage of details and a large radius of gyration, and for
these reasons would appear to be especially adaptable to situations in
which long columns without lateral supports are needed. It has,
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therefore, become desirable to know the relation between the t/R
ratio and the unit strength against wrinkling, designated as the
"wrinkling stress," for values of t/R greater than were used in the
previous tests. The values of t/R for the fabricated shells used in the
previous investigation varied from 0.001 to 0.007, and the wrinkling
stress varied from 3870 lb. per sq. in. to 27 500 lb. per sq. in. The ratio
of the actual to the computed value* of the wrinkling stress was fairly
constant over this range of the t/R ratio. For the tests described in
this bulletin the t/R ratio varies from 0.0103 to 0.0289.
Four of the specimens were planned as quarter-size models of
cylindrical shells which were being considered as supports for an ele-
vated water tank. The dimensions of the prototype are as follows:
Length 120 ft., diameter 48 in., and thickness 0.50 in. The dimensions
of the corresponding models are: Length 30 ft., diameter 12 in., and
thickness 0.125 in.
The question is often asked whether diaphragms strengthen thin
cylindrical shells used as columns. Two of the small-diameter speci-
mens, which were duplicates, had no diaphragms; two others, which
also were duplicates, were similar except that they had circular-plate
diaphragms inside, welded to the shell at intervals of 40 inches. Four
other small-diameter specimens had the same length and diameter as
those just described, but they were made of thinner plates in order
that the t/R ratio would be smaller. The nominal thickness of two,
which were alike, was 0.109 in., and for two others, also alike, 0.0615
in. None of these latter had diaphragms.
The strength of a thin cylindrical shell is affected by deviations
from true geometrical -form. Inasmuch as the relative inaccuracies
are likely to be greater, relatively, for the model than for the proto-
type, two specimens, which were duplicates, had the same diameter
(48 in.) and thickness (0.50 in.) as the prototype, but had the same
length as the models (30 ft.). Because of the possibility that the ratio
of the length to the diameter might affect the wrinkling stress, two
specimens, which were duplicates, had the same ratio t : R : L (0.125
in. : 6 in. : 7 ft. 6 in.) as the large-diameter shells.
Tests of the specimens just described indicated that the tests of the
models were not indicative of the strength of the prototype, therefore
six additional large-diameter specimens were used to determine the
effect of the t/R ratio upon the unit wrinkling stress for shells of
E 1 t
*Computed by the equation S * -, in which S is the wrinkling stress
V 3 V 1 -
2
in lb. per sq. in., is the modulus of elasticity in lb. per sq. in., i is the thickness of the shell, R its radius,
and p is Poissoa's ratio. See Bulletin 255, page 6.
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GEOMETRICAL PROPERTIES
TABLE 1
OF SPECIMENS; CYLINDRICAL SHELLS
Specimen Length Diameter Thickness L/r t/R Number of
No. in. in. in. Courses
Al 360 12.15 0.119 84 0.0196 9
A2 360 12.12 0.118 84 0.0195 9
B1 360 12.12 0.110 84 0.0181 9
B2 360 12.19 0.106 84 0.0174 9
C1 360 12.06 0.062 84 0.0103 9
C2 360 12.12 0.063 84 0.0104 9
D1 360 48.0 0.494 21 0.0205 4
D2 360 48.0 0.493 21 0.0205 4
El 90 12.19 0.116 21 0.0191 3
E2 90 12.19 0.116 21 0.0191 3
F1* 360 12.19 0.119 84 0.0195 9
F2* 360 12.25 0.116 84 0.0190 9
HI 360 34 0.484 30 0.0284 8
H2 360 34 0.491 30 0.0289 8
J1 360 48 0.369 21 0.0154 8
J2 360 48 0.367 21 0.0153 8
K1 360 48 0.246 21 0.0103 8
K2 360 48 0.250 21 0.0104 8
*Specimens Fl and F2 had diaphragms, all others did not.
large diameter. Two had a section 48 in. x %
and two 34 in. x 1/2 in.; all were 30 ft. long.
In order to compare the unit strength of
in., two 48 in. x ¼ in.,
cylindrical shells with
that of columns of a more conventional type, two 30-ft. channel
columns were also tested.
4. Description of Specimens and Tests.-All cylindrical shells were
fabricated with butt welds. The ten small specimens were formed of
sheets 40 in. wide, the width of the plate corresponding to the width of
a course. The two large specimens D1 and D2 were each composed of
four courses 7 ft. 6 in. wide; the other large-diameter specimens each
contained 8 courses 3 ft. 9 in. wide. Tension control specimens were so
cut from the plates, one from each plate forming a course, that the
direction of stress was the same for the controls as for the correspond-
ing plates in the specimen.
The dimensions of all specimens are given in Table 1.
In making the tests, it was desired not only to determine the unit
stress at failure, but also to determine extraneous influences that might
affect the strength. Three influences of this character were anticipated,
as follows: (1) Lack of uniformity in the stress on a section of the
shell; (2) deviation of the axis of the specimen from a straight line;
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(3) lateral offset between the adjacent edges of adjoining courses.
Measurements were taken to determine the magnitude of each of
these three deviations from ideal conditions.
Strains were measured with an 8-in. Berry strain gage at three
sections, one at the top, one at mid-height, and one at the bottom.
Readings were taken on six gage lines at each section, and the strain
at various loads is shown in Figs. 1 to 9. The shells are shown de-
veloped in these figures and, in order to show the relation between
failure and regions of high strain, the areas in which wrinkling was
first noted are indicated. Strain measurements were not taken on
Specimen D1.
The deviation of the axis of the cylinder from a straight line was
obtained from four wires extending from top to bottom, spaced
90 degrees apart around the cylinder. The distance of each wire from
the shell was measured at the top, mid-height, and bottom at each
of a number of loads up to near the ultimate. These measurements
give the deviation from a straight line at no load, and the lateral de-
flection as the load was increased. The former is shown by the dia-
grams at the right, and the latter by those at the left of Figs. 10 and 18.
The lateral offset between adjacent edges of adjoining courses was
obtained from measurements taken from the wires described in the
previous paragraph. Measurements were taken between each wire and
the shell at the top afid bottom of each course at the beginning of the
test. The offsets, greatly magnified, are shown in the right-hand
portion of the diagrams of Figs. 10 to 18. The area in which wrinkling
was first noted is also indicated in these figures.
In making a test, the specimen was first centered in the 3 000 000-
lb. testing machine and allowed to stand free upon a plate laid directly
upon the base of the machine. The upper head of the machine was
then lowered until the spherical head was carried by the specimen and
a small load had been applied. The spherical head was then wedged
in position, and the loading from that time to the end of the test was
with both ends of the specimen fixed.
After the cylindrical shells had been loaded to failure, the control
specimens for the courses which wrinkled were tested. The stress-
strain diagrams for these control specimens are shown in Fig. 19, and
the yield point is given in column 7 of Table 2.
Figure 20 shows specimens D1 and D2 after failure. The two types
of failure illustrated are typical. Some specimens failed by the forma-
tion of lobes, as shown for D2, others by the formation of a girth
corrugation, as shown for Dl. There appeared to be no well-defined
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relation between the location of primary failure and the joints.
Neither D1 nor D2 failed at a joint, but for some other specimens
initial failure was at a girth seam. Most failures were in the central
portion of the specimen, although a few failed, as Dl, near one end.
5. Results of Tests.-The results of the tests are presented in
Table 2, the values of t/R being given in column (3), and the average
unit stress at failure in column (5). The diagrams of Figs. 10 to 18
show that the cylinders were not straight. In general, the axis deviated
from a straight line at the beginning of the test, and usually the ec-
centricity increased as the load was increased. Because of these
conditions the maximum stress at the section of failure was some-
what larger than the average. The flexural stress due to the eccen-
tricity was computed, and the values added to the average stresses
in column (5) to obtain the maximum unit stresses in column (6).
These corrections are only approximations, but the corrected values
given are an indication of the magnitude of the flexural stress due to
lack of alignment of the axis of the column. No correction was made
for the offset between adjacent edges of adjoining courses.
The deflection diagram for specimen F1 presents an anomaly.
Under no load the middle of the specimen was deflected west and
south. As the load was increased the middle moved east and north
relative to the two ends and, at the maximum load, the axis was very
nearly straight. The original data were examined and found to be
definite and consistent with the diagrams of Fig. 15. Moreover, the
data were of such a character that an incorrect designation of a read-
ing could not account for the anomaly. The mid-ordinates that were
smaller than the end ordinates at the beginning of the test became
larger and the ones that were larger than the end ordinates at the
beginning of the test became smaller. An error in the designation
of a particular reading, recording a north reading as a south one or
the reverse, would not account for the fact that the three ordinates
(top, middle and bottom) became more nearly alike as the load
increased.
The flexural stress for the large-diameter specimens was not com-
puted because it is too small to have any significance.
The E specimens, which are the same as the A specimens except
that they are only one-fourth as long, were not as strong as the A
specimens. The wrinkling stress, the average of the values for the
two specimens in each instance, was 24 750 lb. per sq. in. for the
short specimens and 27 250 lb. per sq. in. for the long ones, and the
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short specimens were straighter and deflected less under load than the
long ones. But the difference in the averages is due to the high value
for Al. The values of the wrinkling stress for A2, El, and E2 were
very nearly alike, being 24 700, 24 700, and 24 800 lb. per sq. in.,
respectively. The diagrams of Figs. 1, 5, 10 and 14 have been ex-
amined for an explanation of this difference in strength. As indicated
in Figs. 10 and 14, initial failure was near the middle of a course for
all four specimens. Moreover, Al, which was the strongest, had the
most irregular profile. It would appear, therefore, that the offset
between adjacent edges of adjoining courses did not cause the differ-
ence in strength. A study of Figs. 1 and 5 reveals the fact that the
strain was more uniformly distributed for specimen Al than for the
other specimens. Inequalities in distribution cause the localized stress
at some portions to exceed the yield point before the average stress.
This suggests that the thin plates of specimens A2, El, and E2 may
have failed in areas of local overstress.
These tests appear to indicate that increasing the value of L/r
from 31 to 84 without changing the t/R ratio did not affect the
wrinkling stress.
The diaphragms do not appear to have increased the strength of
the F specimens, for the total load at failure divided by the area
of the section, the average for the two F specimens, was 25 950 lb. per
sq. in., whereas the corresponding values for the A and E series, with
specimens of the same diameter and thickness, were 27 250 and
24 750 Ib. per sq. in., respectively.
The specimens of the D and E series have the same L/r and t/R
ratios but all dimensions of the D specimens are four times as great
as the corresponding dimensions of the E specimens. The wrinkling
stress, the average for the two specimens in each instance, was 32 200
lb. per sq. in. for the D specimens and 24 750 lb. per sq. in. for the
E series. The diagrams of Figs. 13 and 14 indicate that the geometri-
cal imperfections had no greater absolute values for the large D
specimens than for the smaller E specimens, and the relative values
are very much less for the larger than for the smaller ones. It is
believed that this fact accounts for the relatively high values of the
load-carrying capacity of the D specimens. This being true, tests of
the small specimens, which may be considered as models, are not
truly indicative of the strength of the prototypes, the latter being
somewhat stronger than the tests of the models would indicate. For
this reason, the additional large specimens H1 and H2, J1 and J2,
K1 and K2 of Tables 1 and 2 were added to the program. It is ap-
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parent from the data in Table 2 that, for the same t/R ratio, the
thick shells have a greater unit load-carrying capacity than the thin
ones. This, as already stated, is attributed to the fact that the geo-
metrical imperfections are greater, relatively, for the thin than for
the thick plates.
The relation between the unit load-carrying capacity and the t/R
ratio for fabricated shells having a thickness of 1/ in. or more is
shown in Fig. 21a. Specimens 86 and 114 of Bulletin 255 are in-
cluded in this diagram. The small solid circles represent the yield
point of the material and the small open circles represent the total
load at failure divided by the area of the section. The nominal
dimensions of the shell are also given in the figure. It is of interest
to note that for all cylinders having a t/R ratio of 0.015 or more,
the wrinkling stress is nearly equal to the yield point for steels
having a yield point of approximately 33 000 lb. per sq. in., although
the wrinkling stress increases slightly with the t/R ratio. It is un-
fortunate that the steel of K1 and K2 had such a high yield point.
These specimens had nearly as high a wrinkling stress as those of
the J, D and H series. It is not clear whether specimens having the
same dimensions as K1 and K2, but made of steel having a yield point
of 33 000 lb., would have had as high a wrinkling stress as they had.
It is believed, however, as a result of analyses and of experience in
testing thin cylindrical shells, that the value of the yield point does
not greatly affect the wrinkling stress if the latter is less than the
former.
The average unit stress at failure, given in Table 2 and Fig. 21a,
is somewhat greater than the yield point of the material for speci-
mens H1 and H2. This is apparent from the measured unit strain at
various sections, given in Fig. 7. It is of interest to note that the
strain is quite uniform over a section at small loads, but becomes quite
variable at the higher loads and, at some points, has a value 4 or 5
times the product of the average stress and the modulus of elasticity.
The strain diagrams for D2, given in Fig. 4, indicate that the unit
strain at some points was several times the product of the average
stress and the modulus of elasticity for that specimen also. The strain
distribution is quite uniform for J1 and J2 although it varies some-
what over the bottom section of J2 and has a maximum value along
the west side 2.5 times the product of the average stress and the
modulus of elasticity. These are important facts indicating, as they
do, that high localized strain did not cause wrinkling of the shells if
they were % in. or more in thickness and had a t/R ratio of 0.015
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FIG. 21. RELATION BETWEEN t/R RATIO AND WRINKLING STRESS
or more. The strain was very uniform for the thin shells, K1 and K2,
but it is of interest to note that K2 failed near the middle where, at
92 per cent of the ultimate load, the unit strain was 0.001, instead of
near the bottom where it was 0.0016. But K1 failed at a point of
high, although not at the point of highest, strain. As already stated,
it is believed that high localized strain caused the thin shells of the
models to wrinkle at a lower average stress than the thicker shells
of the prototype having the same t/R ratio.
The relation between the wrinkling stress and the t/R ratio, for
fabricated shells % in. in thickness or less, is shown in Fig. 21b. The
data for specimens 810, 811, 820, 821, 830 and 831 are taken from
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FIG. 22. DETAILS OF CHANNEL COLUMNS A AND B
Bulletin 255. The solid-line diagram has been taken from Fig. 21a,
and represents the strength of shells 14 in. or more in thickness. The
position of the small circles relative to the line indicates that, for a
given t/R ratio, the wrinkling stress is less for thin than for thick
plates.
6. Tests of Channel Columns.-In order to compare the unit load-
carrying capacity of the cylindrical-shell columns with that of a more
conventional type, two channel columns were also tested. The details of
the columns are shown in Fig. 22. The least radius of gyration is
4.58 in. and the corresponding L/r is 78.5. The design load, by the
1 L2formula* p = 15 000 - 1 L2 is 13 460 lb. per sq. in. The yield point
*Specifications for Steel Railway Bridges, American Railway Engineering Association.
*Specifications for Steel Railway Bridges, American Railway Engineering Association.
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of the material as determined by tension control tests is 35 000 lb.
per sq. in. for the plates, and 40 000 lb. per sq. in. for the channels.
The technique of testing was the same as for the cylindrical shells.
The column was placed in the machine so that the gravity axis of the
column was in line with the center of the loading heads. The deflection
diagrams of Fig. 23 show that the columns remained straight up to
nearly the maximum load. The stress-strain diagrams for the control
specimens are given in Fig. 24, and the distribution of the strain is
shown in Fig. 25. The ultimate loads were 580 000 lb. and 556 000
Ib. for specimens A and B, respectively, corresponding to average unit
stresses of 35 280 lb. per sq. in. and 33 820 lb. per sq. in. These
values agree closely with the yield point of the plates and are 0.91
and 0.87, respectively, of the weighted average yield point of the
column as a whole. Tests of six Z-bar columns* with values of L/r
varying from 64 to 75 gave a value of the ratio, average unit strength
to yield point of the material, varying from 0.95 to 1.01.
III. LACED CHANNELS
Tests by CHARLES O. HARRIS
7. Tests of Laced Channels.-It is sometimes necessary to provide
long struts to carry very small loads, and a fairly large section must
be used, even though the load is small, in order to get an adequate L/r.
The struts described in this section are some that were designed by the
Chicago Bridge and Iron Company in an effort to provide a cheap
strut with a large radius of gyration. The B1 and B2 struts, shown in
Fig. 26, each consisted-of two 7-in., 9.8-lb. channels connected by a
single system of lacing made of a continuous 2-in. x %-in. bar bent so
that it could be riveted to the webs of the channels, as indicated in the
figure. The strut was 27 ft. long and the radii of gyration of a trans-
verse section with respect to the two gravity axes, one normal and the
other parallel to the webs of the channels, were 2.72 in. and 5 in., re-
spectively. The greatest L/r was therefore 119. The ends of the chan-
nels were milled and the struts were tested with the ends fixed. The
Al and A2 struts, also shown in Fig. 26, were similar to the B struts
except, for the former, one channel was 7% in. shorter than the other
at each end so that all of the load came on one channel, the other
serving as a lateral support to the one that was loaded.
*University of Illinois, Engineering Experiment Station, Bulletin No. 280.
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The load-carrying capacities of the four struts were as follows:
Al, 77 200 lb.; A2, 75 500 lb.; B1, 170 000 lb.; and B2, 159 750 lb.
The corresponding average unit stresses are 27 100 lb. per sq. in. and
26 500 lb. per sq. in., respectively, for Al and A2 on the basis
that the load is all carried on one channel. The average unit stresses
are 29 800 lb. per sq. in. and 28 000 lb. per sq. in., respectively, for
B .and B2 on the basis that the load is carried by the two channels.
The values of the yield point of the material are 37 400 lb. per sq. in.,
38 000 lb. per sq. in., 33 500 lb. per sq. in., and 35 500 lb. per sq. in.
for Al, A2, B1, and B2, respectively.
The lateral deflection of the struts was measured at various loads
and the results are shown in Fig. 27. The struts carrying all of the
load on one channel began to deflect in a direction perpendicular to
the webs of the channels at a small load and the magnitude of the
deflection varied approximately with the load up to near the maximum.
This deflection results directly from the fact that one channel is short-
ened when loaded and the other is not. The deflection of the B struts
perpendicular to the webs of the channels was small up to near the
maximum load, indicating that the light lacing that was provided was
quite effective in making the two channels act as a unit.
IV. ANGLE STRUTS
Tests by CHARLES O. HARRIS
8. Tests of Angle Struts.-Tests were made on 10 structural steel
angles to determine their load-carrying capacity as struts. The angles
varied in size from 8 in. x 8 in. x 1 in. to 6 in. x 6 in. x % in. Of
the angles that had a large ratio of width to thickness of outstanding
legs, some were tested with unsupported legs, others had the edges of
the outstanding legs supported with lacing, as shown in Fig. 28. The
8 in. x 8 in. angles were 12 ft. 51 in. long and the 6 in. x 6 in. angles
were 10 ft. long. The ends of the angles were milled and all were
tested with fixed ends. The physical properties of the material, given
in Table 3, were determined from tests of round control specimens
cut from the angles at points indicated in Fig. 29.
The results of the tests are given in Table 4. The least radius of
gyration of a section of the angles is with respect to the diagonal
gravity axis, as indicated in Fig. 28. The values of L/r for the vari-
ous columns are given in column 3 of Table 4 and the values of ratio
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of average stress at the maximum load to the yield point of the ma-
terial are given in column 7. The character of the failure is indicated
in the right-hand column. All angles except AC3 failed by the buck-
ling of the angle as a whole in a direction perpendicular to the axis of
minimum moment of inertia. The angle AC3 failed by local buckling
of the outstanding legs of the angle near the bottom, but the maximum
load for this angle was approximately the same as for the three sim-
ilar angles that failed by buckling of the strut as a whole.
The data contained in Table 4 appear to indicate that for angle
struts with an L/r ratio of approximately 100, the average stress at
failure ranges from 27 600 lb. per sq. in. to 32 100 lb. per sq. in. and,
within the limits used in these tests, apparently is not affected by the
ratio of the width to the thickness of the leg of the angle, by varia-
tions in the yield point of the material (which were small), or by the
presence or absence of lacing. Specimen AC5, which developed the
least average stress, and AC6, which developed the greatest average
stress, were identical, and the yield point of the material was less for
AC6 than for AC5. Both were 8 in. x 8 in. x 1/2 in. angles, laced, and
both failed by the buckling of the angle as a whole.
ILLINOIS ENGINEERING EXPERIMENT STATION
TABLE 3
PROPERTIES OF MATERIALS; ANGLE STRUTS
Column
No.
Yield Point
lb. per sq. in.
AC1
AC2
AC3
AC4
AC5
AC6
AC7
AC8
AC9
AC10
*See Fig. 29 for location of specimens in section.
Ultimate
Strength
lb. per sq. in.
Specimen
No.* Nom. Dia.
in.
1 ½
2 ½
3 A
2 Y
1 Y4
Average
1 2
2 Y2
3 Y
2 Y2
1 Y4
Average
1
2 %
3 %
2 Y8
1 I4
Average
1 34
2 YS
3 Y
2 %
1 %A
Average
1
2 %3
3 %
2 %Y
1 %3
Average
1 %
2 3,
3 Y4
2 3s
1 %3
Average
1 3a
2 %
3 ½
2
1 %
Average
1 3/
2 Y8
3
2
1 34
Average
1 ½
2 2
2
3 Y
 I
1 2
Average
1 ½
2 Y2
3 ½2
2 ½
1 A r
Average
37 382
39 445
33 792
36 084
36 676
32 800
40 100
42 500
41 700
46 600
40 700
34 197
29 963
34 012
29 704
34 234
32 422
33 288
31 369
40 325
30 495
32 662
33 628
39 492
31 521
41 803
36 730
34 239
36 757
34 991
34 103
32 342
37 183
34 655
35 326
39 771
36 752
32 318
35 302
35 894
34 477
32 682
34 588
37 530
34 819
31 441
33 299
26 281
32 921
30 986
29 097
27 927
32 694
36 930
29 097
31 149
62 363
62 312
63 967
64 171
62 032
62 969
63 300
61 200
62 100
61 300
63 300
61 850
63 043
61 338
62 545
59 274
62 522
61 744
62 252
59 288
60 666
59 279
62.579
60 813
63 768
66 077
68 761
66 802
64 402
65 962
63 127
64 900
68 762
64 504
63 677
64 994
58 514
58 887
58 969
57 563
58 931
58 573
58 744
56 680
57 302
59 318
58 011
61 583
59 215
58 910
60 299
61 698
60 341
61 644
58 350
59 330
58 404
61 466
59 839
Elongation
in 2 in.
per cent
33.5
36.5
29.5
31.5
34.5
33.1
34.0
36.0
35.0
34.0
35.0
34.8
31.5
37.0
31.5
36.5
38.0
34.9
30.0
37.5
29.0
39.5
30.0
33.2
35.5
35.5
31.5
31.5
33.0
33.4
33.5
32.0
34.5
36.5
35.0
34.3
29.0
33.5
26.5
33.5
35.0
31.5
31.0
40.0
42.5
33.0
36.6
40.0
39.0
40.0
39.5
38.0
39.3
36.0
40.0
36.0
39.0
40.5
38.3
Reduction
of Area
per cent
52.11
54.84
44.05
51.00
52.11
50.82
59.5
63.0
59.5
62.0
57.0
60.2
60.87
62.20
58.42
63.08
61.26
61.17
58.63
60.07
59.06
60.63
58.65
59.41
61.41
59.06
57.10
60.69
61.41
59.93
61.83
60.42
56.72
60.90
62.05
60.38
63.95
63.95
64.34
63.04
63.82
63.29
65.36
64.96
61.59
63.80
60.85
62.01
60.48
61.05
61.60
61.20
61.44
60.85
61.40
61.03
62.20
61.38
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V. SUMMARY OF CONCLUSIONS
9. Thin Cylindrical Shells.-The tests described in this bulletin
and in Bulletin 255 apparently indicate that the following statements
may be made relative to the strength as columns of cylindrical shells
fabricated with welded butt joints, if they are straight and free from
other geometrical imperfections:
(1) The wrinkling stress (the ultimate load divided by the area
of a transverse section) for plates 1 in. or more in thickness will be
equal, approximately, to the yield point of the material, if the latter is
33 000 lb. per sq. in. or less, and if t/R is 0.015 or more.
(2) The wrinkling stress increases slightly with an increase in t/R
above 0.010.
(3) The wrinkling stress decreases rapidly with a decrease in t/R
below 0.010.
(4) For the same t/R, and the same material, the wrinkling stress
is considerably less for a thin than for a thick plate, due, probably,
to the fact that the geometrical imperfections are greater, relatively,
for thin than for thick plates.
(5) A cylindrical shell for which t/R is 0.015 or more can be sub-
jected to considerable localized axial strain without having its load-
carrying capacity reduced.
(6) Diaphragms do not appear to increase the wrinkling stress of
thin cylindrical shells loaded as columns.
(7) The usual design formula for the more conventional types of
steel columns would appear to be applicable to cylindrical shells fabri-
cated with butt welds and loaded as columns if the plate is % in.
thick or more, and if the t/R ratio is 0.015 or more.
10. Laced Channels.-The tests of the four laced-channel struts
apparently indicated that
(1) The light lacing provided for these light struts was quite ef-
fective in making the two channels act as a unit; and the unit stress
developed by the struts, which had an L/r of 119, was 84 per cent of
the yield point of the material.
(2) The load-carrying capacity of the struts having only one
channel loaded was only 46 per cent of that of the struts having both
channels loaded.
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11. Angle Struts.-The tests of the ten angle struts apparently
indicated that
(1) For angle struts having an L/r ratio of approximately 100, the
unit load-carrying capacity varied from 0.74 to 0.93 of the yield point.
(2) Light lacing connecting the edges of the outstanding legs did
not increase the strength of 8 in. x 8 in. x % in. angles.
(3) With one exception the struts failed by buckling over the
whole length rather than by local buckling of one leg. One 8 in. x
8 in. x % in. angle failed by local buckling of one leg, the ultimate load
for it being 6 per cent less than for a duplicate specimen that failed by
buckling over the entire length.
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